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We pres&rt new results of the seardh for WH ! * bbproduction in pp collisions at a certer of mass
energy of ' s = 1:96TeV, basedon a dataset with integrated luminosity of 0.44fb . We combine
these new results with previously published seardes by the DO collaboration, for WH and ZH
production analyzed in the E;bb nal state, for ZH (! " bb) production, for WH (! WWW)
production, and for H (! WW) direct production. No signal-like excessis obsered either in the
WH analysis or in the combination of all DO Higgs boson analyses. We set 95% C.L. (expected)
upper limits on (pp! WH) B(H ! bb) ranging from 1.6 (2.2) pb to 1.9 (3.3) pb for Higgs
boson masseshetween 105 and 145 GeV, to be compared to the theoretical prediction of 0.13 pb for
a standard model (SM) Higgs bosonwith massmy = 115 GeV. After combination with the other
DO Higgs boson seardes, we obtain for my = 115 GeV an obserned (expected) limit 8.5 (12.1)
times higher than the SM predicted Higgs boson production crosssection. For my = 160 GeV, the
corresponding observed (expected) ratio is 10.2 (9.0).

PACS numbers: 13.85Qk,13.85.Rm

Spontaneous electroweak symmetry breaking in
the standard model (SM) provides an explanation
for the massesof the elemenary particles, other-
wise masslessin the unbroken gaugetheory. Its
successin particular in explaining the massof the
electroweak vector bosons,awaits onelast but nec-
essaryexperimental con rmation: the obsenation
of the Higgs boson, which is a scalar particle asso-

ciated with the symmetry breaking. For Higgs bo-
son seardes, the most sensitive production chan-
nel at the Tevatron for a Higgs boson with mass
below 130 GeV is the assaiated production of a
Higgs bosonwith a W boson. All possible chan-
nels, however, must be studied to gain sensitivity
through their combination. D
S

At a certer-of-mass energy of = 1:.96TeV,



three pp! WH seardieshave already been pub-
lished or submitted for publication, one[1] using a
subsample(0.17 fb 1) of the dataset usedin this
letter, while the two others are from the CDF col-
laboration: oneuses0.32fb ! [2] of data, the other
updatesit using improved analysistechniquesand
a larger dataset basedon 1.0 fb ! of integrated
luminosity [3].

For this WH analysiswe require one high trans-
verse momertum (pr) lepton (e or ), missing
transverseenergy £, to accourt for the neutrino
in the W boson decay, and exactly two jets with
at least one of them being identied as originat-
ing from a bottom (b) quark jet (\ b-tagged"), as
detailed below. The dominant backgrounds to
WH production are W+ heavy- a vor production,
top quark pair production (tt), and single top
qguark production. This analysis usesa dataset of
0.44fb 1. Comparedto the previous DO result,
the b-jet identi cation hasbeenoptimized, and the
muon channel has beenadded.

The result of this seard is then combined with
previously published searties by the DO collabo-
ration with a similar luminosity. These seardes
cover WH and ZH production analyzed in the
Erbb nal state [4], ZH (! "*° bb produc-
tion [5], WH(! WW*W ) production [6], and
H (! W*W ) direct production [7]. In the fol-
lowing, the particle chargeswill not be mentioned
explicitly, exceptwhen neededto resolve potential
ambiguity. We rst describe the WH analysisin
detail, then the full combination of results.

The WH analysisrelieson the following compo-
nents of the DO detector [8, 9]:

i) acertral-trac king system,which consistsof a sil-
icon microstrip tracker (SMT) and a certral b er
tracker, both located within a 2 T superconduct-
ing solenoidalmagnet;

i) a liquid-argon/uranium calorimeter with a cen-
tral section (CC) covering pseudorapidity [10] j j
< 1:1, and two end calorimeters (EC) extend-
ing coverageto j j ' 3:2, all housedin separate
cryostats, and with scintillators betweenthe CC
and EC cryostats providing sampling of dewvelop-
ing shawversat 1:1< j j< 1:4;

iii) a muon system, which surroundsthe calorime-
ter and consists of a layer of tracking detectors
and scintillation trigger counters before 1.8 T iron
toroids, followed by two more similar layersbehind

the toroids.

We reject data periods in which the quality of
the data in the tracking, the calorimeter, or the
muon system is compromised. The luminosity is
measuredusing plastic scirtillator arrays located
in front of the EC cryostats, covering 227 < j j <
4:4. The uncertainty on the measuredluminosity
is 6.1%. The W + jets candidate events must pass
one of the triggers which require, for the e channel,
at least one electromagnetic (EM) object, and for
the channel, at leastonemuon object or a trigger
requiring a muon and a jet in the nal state.

The evert selectionfor the WH analysisrequires
one lepton candidate with transverse momertum
pr > 20GeV, E; > 25 GeV, and exactly two jets
with pr > 20 GeV and j j < 2:5. Only ewens
having a primary z vertex within 60 cm of the
nominal interaction point are accepted. If the lep-
ton is an electron, it is required to havej j < 1:1.
If it is a muon the requiremert isj j < 2:0.

Electrons are identied in two steps. The pre-
selectedelectron candidates (seededby an energy
cluster in the EM calorimeter) are rst required
to satisfy identi cation (ID) criteria: (a) a large
fraction of their energy deposited in EM layers,
i.e. EMF > 0.9, (b) low fractional energy de-
posited around the expected electron energy de-
position, and (c) spatial energydistribution in the
EM calorimeter consistert with that of an elec-
tron. Thesecriteria de ne \lo ose" electrons. The
loose electrons are then tested with a likelihood
algorithm, optimized on Z ! ee samples, and
which takesas input sewen quartities sensitive to
the EM nature of the particles [11]. If they sat-
isfy the likelihood requiremernt, they are accepted
as nal (\tigh t") electronsfor the analysis. The
e ciencies of the ID and likelihood requiremerts
are determined from a dielectron samplein which
we selecta pure set of Z events. The combined
reconstruction and ID e ciency is found to be
(95:4 0:4)%. The likelihood e ciency for elec-
trons is (92:0 0:3)%.

Muons are reconstructed using information from
the muon detector and the certral tracker. They
are required to have hits in all layers of the muon
systeminside and outside the toroid. The superior
spatial resolution of the certral tracker, inside the
strong solenoidalmagnetic eld, is usedto improve
the accuracy of kinematic properties of the muon



and to con rm that the muon originated from the
primary vertex. A veto against cosmic-ray muons
based on the timing of hits in the muon-system
scirtillator detectors is applied. Quality criteria
on the assaiated certral track are also applied
to reject the majority of badkground muons: a
small track impact parameter (dca) compared to
its resolution ( gca) IS required, dca < 3 yca, 10
reject muonsoriginating from semi-leptonicdecays
of heavy- a vor hadrons which constitute the main
badkground. Sud badkground muonshave a lower
transversemomertum spectrum and are not typi-
cally isolated dueto jet fragmentation. A looseiso-
lation crltertpn is de ned usmg the spatial separa-
tion R= )2+ (' )2 betweena muon and
the closestjet in the {' plane,where' isthe az-
imuthal angle,werequire R > 0:5. Tighter muon
isolation criteria are de ned by requiring that the
scalar sum of the transverse energy of calorime-
ter clusters in a hollow cone (0:1 < R < 0:4)
around the muon divided by the pr of the muon
be lessthan 0.08, and the scalar sum of the trans-
versemomerta of all tracks within a coneof radius

R = 0:5 around the muon divided by the pr of
the muon be lessthan 0.06. The track matched to
the muon is excluded from this sum.

The jets are reconstructed using a cone algo-
rithm [18] with a radius of R = 0:5. We apply
standard DO jet-ID criteria to avoid fake jets which
occasionally originate from noise in the calorime-
ter, i.e., the energyfraction in the EM layers of a
jet is required to be 0:05 < EMF < 0:95 and the
energyfraction in the CH sectionof the calorimeter
is required to be < 0:4. The di erence in e ciency
of the jet-ID requiremerts betweendata and simu-
lation is quanti ed in the overall jet reconstruction
e ciency scalefactor to which a systematic uncer-
tainty of 5% (per jet) is assigned.

The multijet background is estimated from the
looseandtight eor nal samples.asdescribedin
Ref. [11] using the following probabilities. We de-
termine from the data the probability pfses ign ¢
for a \lo ose" lepton originating from a jet to pass
the tight lepton requiremerts. This is done sepa-
rately for the electron and the muon channel and
this probability is determined as a function of the
pr of the candidate lepton. The sample of mul-
tijet events containing a loose lepton is selected
with kinematic criteria that ensurenegligible con-

tamination of real leptons. We also determine the
sametype of probability p>9" for a geruine

loose! tight
isolated lepton from Z ! “*° samples. With
these two probabilities and the numbers of loose
and tight W + 2 jet candidates, we determine the
number of multijet badkground everts in our sam-
ple, bin-by-bin, for every di erential distribution.
To select W boson decas, we require E>
25 GeV. The E+ is calculated from the calorime-
ter cells except for unclustered cells in the out-
ermost layer of the calorimeter (coarse hadronic
layer, CH) and is corrected when one or seeral
muons are present. All energy correctionsto elec-
trons or jets are also propagatedinto the E;. The
transversemassof the W boson candidatesin the
W+ jets sampleis reconstructed from the lepton
and missingtransverseenergies.lts distribution is
shown in Fig. 1 and comparedwith the sum of con-
tributions from multijet events with misidenti ed
leptons and from SM processesvhich are obtained
from simulated everts.
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FIG. 1: Distributions of the transverseW boson mass
compared to the simulated expectation in the W + 2
jet event sample. The simulation is normalized to the
integrated luminosity of the data sample using the ex-
pected cross sectionstaking into accourt all the other
backgrounds (the fraction of WH events is negligible
before b-tagging).



The following processesare simulated with the
pythia [12] MC event generator version 6.202,
making useof the CTEQS5L [13] leading-orderpar-
ton distribution functions: inclusive production of

W! e== + ;Z! ee== ;WW, WZ; ZZ,
tt I e== + jets production (lepton+jets and
dilepton channels), WH ! e== + + bbproduc-

tion. The singletop quark processesre generated
using comphep [14].

Throughout this Letter, \W+jets" simulated
everts refer to events with a W produced in as-
saociation with light- a vor jets (originating from u,
d, s quarks or gluons; generically denoted by j) or
charm jets (originating from a c quark). They con-
stitute the dominant background before b-tagging.
and are generatedwith alpgen [15] (interfacedto
pythia for showering and fragmertation), since
alpgen has a more complete simulation of pro-
cessewith high jet multiplicities. The generation
is basedon W+ 2 jets (Wjj) processes,nclud-
ing the charm quark (c) processesN cc and Wcj.
The W bbeverts are generatedseparatelyrequiring
two b parton jets with pr > 8 GeV separatedby

R > 0:4; its NLO crosssectionis obtained using
mcfm [16].

These simulated backgrounds are absolutely
normalized (accordingto NLO crosssections)with
the exception of the W+ jets samplewhich is nor-
malized to the data after subtraction of all the
other badkgrounds. The systematic uncertainty
on the NLO crosssectionsof these processess 6{
18%, depending on the process. All these events
are processedhrough the DO detector simulation,
basedon geant [17], and the reconstruction soft-
ware. The simulated everts are then weighted by
the trigger e ciency and by the data/sim ulation
ratio of all the selection e ciencies. The shape
of the distribution of the transverse mass of the
W candidates (Fig. 1) is well reproduced by the
simulation of the W + jets processesafter adding
the multijet badkground and the other SM badk-
grounds.

To identify heavy- a vor jets we use a b-tagging
algorithm which computesa probability correlated
to the b quark lifetime [19]. The requiremerts on
the \jet lifetime probability" (JLIP) have beenop-
timized for events with one or two b-jet candidates
by maximizing the sensitivity to the Higgs boson
signal. The requiremert is rst setto 1%; if two

jets are tagged the event is selectedas double b-
tagged (DT). Otherwise the requiremert is tight-
enedto 0.1% and if exactly one jet is tagged the
evert is selectedas single b-tagged (ST). In this
way the single and double b-tagged subsamplesare
independert, which simplies their combination.
The mistag rate (tagging of light avor jets) ob-
tained in these samplesare approximately equal
to the corresponding JLIP requiremerts, while the
e ciency for correctly identifying a geruine b jet
(\ btagging e ciency") is(55 4)%and (33 4)%,
respectively. These e ciencies were determined
with certral \taggable" jets (j j < 1:2) having a
transversemomertum of 35< pr < 55GeV. A jet
is \taggable" if at least 2 tracks (one with pt > 1
GeV, the other with pr > 0.5 GeV) and 1 SMT
hits are insidethe R < 0:5 conede ning the jet.
The jet taggability is typically 80% in a two-jet
samplewith an uncertainty of 3%.

For eath tagged jet in the simulation, we apply
the ratio between the expected taggability times
b-tagging e ciency in data and in simulation to
reweight the simulated events. For the tagging ef-
ciency of simulated b or c jets, we use pr
dependert data vs. simulation scale factors, de-
termined from real b jets [19]. In the simulation,
the tagged light avor jets are weighted to repro-
duce the mistag rate as measuredin data using
dedicated samples[19].

With the above selection criteria, we obsene
137 W + 2 jet events having exactly one b-tagged
jet (ST sample) and 30 events having both jets b-
tagged (DT sample). In thesesamplesthe multijet
badkground is estimated using as a loose sample
the W + 2 jet ST (DT) samplein which the lepton
is selectedusing the loose lepton-ID criteria.The
distribution of the invariant dijet massof W + 2
jet events for the ST and DT samplesis shown in
Fig. 2aand b. The data are comparedto the sum
of the simulated SM processesaddedto the multi-
jet background. The agreemer indicates that the
simulation describesthe data well.

The di erent componerts of the background are
shown in Table I. The small expected contribu-
tions from a 115 GeV Higgs are also shown, but
no excessabove the standard model backgrounds
is visible in these distributions, so we proceedto
setlimits from thesedistributions, after systematic
uncertainty evaluation.



The experimental systematic uncertainties on
the e ciencies and those due to to the propaga-
tion of other systematic uncertainties (trigger, en-
ergy calibration, detector response) which a ect
the signal and SM backgrounds are the following
(ranges indicate dierent values for the e and
channel): (2{3)% uncertainty from the trigger e -
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FIG. 2: Dijet mass distributions for the W + 2 jet
events (a) when exactly one jet is tightly b-tagged
and (b) when the two jets are loosely b-tagged (see
text). The data are comparedto W bb, tt, W +jets and
other smaller expectations. The background labeled as
\other" in the gure is dominated by single top quark
production.

W + 2jet W+ 2jet W + 2jet

pre-tagged 1 btagged 2 btagged
WH 23 04 0.49 0.07 0.43 0.06
WW;WZ;ZZ 148.7 23.8 53 0.8 20 04
W bb 116.3 18.6 223 44 144 3.2
tt 876 8.6 21.0 43 126 2.7
Single top 412 53 10.0 438 3.7 07
Multijet 984 153 228 7.5 15 06
W/Z + jets 6908 1076 57.7 10.3 41 0.7
Total expect. 8286 139.6 285 38.7 5.8
Observed Ev. 8286 137 30

TABLE |: Summary table for the " (eand ) + 2jets +
E; nal state. Observed events in data are compared
to the expected number of W + 2 jet events before and
after b-tagging in the simulated samplesof WH, di-
bosons,W bb production, top production (tt and single
top), multijet background, and \W/Z+ jets" produc-
tion. In the pre-tagged samplethe W/Z + jets contri-
bution is normalized such that the total expectation is
normalized to the data.

ciency, (3{4)% uncertainty for the lepton identi -
cation and reconstruction e ciency , (3{4)% for the
lepton energy scaleand resolution, 5% for the jet
identi cation and reconstruction e ciency , 5% for
the modeling uncertainty of the jet multiplicit y in
the simulation, (5{12)% due to the jet energycali-
bration uncertainty, 3% for the jet taggability, and
(5{6)% for the b-tagging e ciency; for the light
quark jets these uncertainties are 9% (DT) and
13% (ST). In summary, for WH production and
simulated badkgrounds, the experimental system-
atic uncertainty is (16{19)%. The multijet badk-
ground, determined from data, has an uncertainty
of 25%. The systematic uncertainty on the cross
section of the simulated backgroundsis 6{18%, de-
pending on the process. The uncertainty on the
luminosity is 6.1%.

The limits for WH production are obtained us-
ing the CL¢ method [20, 21] taking the dijet in-
variant mass of the bb system as the nal dis-
criminating variable. It is performed on the ST
and DT samplesof the e and channels inde-
pendently (four analyses), which are then com-
bined. The CLg approad is basedon the like-
lihood ratio test statistic, Q = L(s+ b)=L(b) =

e (s+ b)(S+ b)n _
n!

b n
& n(!b) , where s and b are the ex-
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FIG. 3: LLR distributions obtained with the CLs
method for the combination of the ST and DT samples
in the WH channel.

pected numbers of signal and badcground events
while n is the number of data events. For com-
putational easethe log-likelihood ratio LLR (n) =

2In(Q) is used. In order to exploit the shape in-
formation of the nal discriminating variable, as
well as combine the di erent channels, the LLR
valuesper bin and for all channelsare added. Sys-
tematic uncertainties are incorporated into the sig-
nal and badkground expectation using Gaussian
sampling of individual uncertainties. Correlations
betweenuncertainties acrosschannelsare handled
by varying simultaneously the uctuations of iden-
tical sourcesof all channels. The 95% C.L. lim-
its are determined by raising the signal crosssec-
tions until the ratio of probabilities for the sig-
nal+background hypothesis to the badkground-
only hypothesisfalls below 5%.

Figure 3 shows the LLR distributions for
the WH combined result. The LLR values
for the signal+background hypothesis (LLR s+ p),
badkground-only hypothesis (LLR ), and the ob-
sened data (LLR ops) are shonvn. The quartities
LLR s+p, LLR p, and LLR ¢ps are obtained by set-
ting n = s+ b; b or n(obsened) into LLR (n).
The shadedbandsrepresen the one and two stan-
dard deviation ( ) departures for LLR . These
distributions can be interpreted as follows: The
separation betweenLLR  and LLR ., provides a
measureof the discriminating power of the seard;
the width of the LLR y, distribution providesan es-
timate of the sensitivity of the analysisto a signal-
plus-badkground-like uctuation in data, taking
accourt of the systematic uncertainties; the value

of LLR ops relativeto LLR s+, and LLR p, indicates
whether the data distribution appearsto be more
signal-like or badkground-like, and the signi cance
of any departures of LLR o5 from LLR , can be
evaluated by the width of the LLR y, distribution.
The obsened (expected) combined upper limits
obtained at 95% C.L. on (pp! WH) B(H'!
bb) range from 1.6 pb to 1.9 pb (2.2 pb to 3.3 pb)
for Higgs bosonmasseshetween 105 and 145 GeV
and are displayed in Fig. 4. They are also given
in Table Il together with the ST and DT subchan-
nel limits and the ratios of all theselimits to the
predicted SM cross section. These new WH up-
per limits are compared in Fig. 4 to the previ-
ously published results on WH production from
DO on 0.17 fb ! of data in the electron channel
only [1] and CDF (0.32fb ! e+ channels)[2].
The improvemert in sensitivity obtained with this
analysis is clearly visible in the region where the
Tevatron is most sensitive to a Higgs boson with
massin the 115-135GeV range. The result is also
compared to the CDF result recertly submitted
for publication on 1.0 fo ! of data [3], shawing
comparable expected sensitivity when taking into

WH / Higgs mass[GeV] 105 115 125 135 145

ST observed B 6.62 5.74 5.17 4.79 4.74
ST expected B 8.11 6.94 6.10 4.90 5.08
DT obsened B 221212225 1.98 1.97
DT expected B 3.553.07 2.89 2.43 2.58
ST+DT obsened B 192171179 164 1.77
ST+DT expected B 3.252.83253 2.16 2.21

ST obsened ratio to SM  34.9 44.9 65.5 112.8 250.7
ST expected ratio to SM 42.8 54.4 77.3 115.4 268.5
DT obsered ratio to SM 11.7 16.6 28.5 46.6 104.1
DT expected ratio to SM 18.8 24.1 36.6 57.3 136.6
ST+DT obs. ratio to SM 10.1 13.4 22.6 38.6 93.4
ST+DT exp. ratio to SM 17.1 22.1 32.0 51.0 116.7

TABLE II: Observed and expected 95% C.L. limits
on the cross section times branching fraction B,
where B = B(H ! bb) and isin pb, for dierent
Higgs bosonmassvalues, for single and double b-tagged
events, and ST+DT combination in the WH ! * bb
channel, with * = e or . The corresponding ratios to
the predicted SM Higgs production cross section are
also given.



accourt the di erence in integrated luminosity.

With the limits from the WH channelsreported
above, we now turn to the combination of these
with limits previously obtained from other chan-
nels. We combine our new WH results with all
the other direct seardhesfor SM Higgs bosonspub-
lishedby D. Theseare searhesfor Higgs bosons
producedin assaiation with vector bosons(pp !
ZH | bo=""bb[4, 5], pp! WH ! WWW [6])
or singly through gluon-gluon fusion (pp! H !
WW [7]). The searheswere conducted with data
collected during the period 2003{2005 and cor-
respond to integrated luminosities ranging from
0.30fb ' to 0.45fb 1. They are separatedinto
twelve nal states (adding to the four WH nal
statescombined earlier) and referredto asanalyses
in the following. Each analysisis designedto iso-
late a particular nal state de ned by a Higgs bo-
sonproduction and decay mode. To ensureproper
combination of signals,the analyseswere designed
to be mutually exclusive.

The sixteen analyses are categorized by their
production processesand outlined in Table IlI.
When possible, we seard for both H | bb and
H ! WW decays. For the H ! bb decas,
we conduct separate ST and DT analyses, ex-
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FIG. 4: 95% C.L. crosssection upper limit (and corre-
sponding expected limit) on (pp! WH) B(H!
bb) (W boson decaying into a lepton + neutrino and
Higgs bosoninto bb) vs. Higgs boson mass, compared
to the SM expectation. The published DO e channel
obsened results, basedon an integrated luminosity of
0.17fb ! and the CDF (e+ channels) results with
0.32fb *and 1.0 fb ! are also shawn.
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Channel L Final Ref.
(fo 1) Variable

WH ! e bb ST/DT 0.43 Dijet mass {

WH ! bb, ST/DT 0.45 Dijet mass {

WH ! [ bb, ST/DT 0.30 Dijet mass [4]
ZH ! bb, ST/DT 0.30 Dijet mass [4]
ZH'! b b DT 0.37 Dijet mass [5]
ZH ! eelb DT 0.45 Dijet mass [5]
WH! WWW(e e ) 0.45 LH discriminant [6]
WH! WWW(e ) 0.43 LH discriminant [6]
WH! WWW/(( ) 0.42 LH discriminant [6]
H! WW (eg 0.33 ' (e;e) [7]
H! WW (e) 0.32 " (e; ) [7]
H! WW ( ) 0.30 "(; ) [7]

TABLE II1I: List of analysis channels, corresponding in-
tegrated luminosities (L), nal variables for the seard,
and references.LH stands for likelihood.

cept for ZH ! **° bb analyseswhere only the

DT analysis has been performed. The decays of
the vector bosonsfurther de ne the analyzed nal
states: WH ! e bb, WH ! bb, ZH ! eelp,
ZH! b b andzZH'! bb. There is a sizeable
amount of WH ! * bb signal that can mimic the
ZH ! bb nal state when the lepton is unde-
tected, or whenthe lepton isa decaing hadron-
ically. This caseis treated asa separateWH anal-
ysis, referredto asWH ! 7 bb,

We also include the analysis of WH !
WWW nal states when the assaiated W bo-
son and the same-targed W boson from the
Higgs boson decay leptonically, thus de ning six
nal states: WH ! We e , We , and
W , which are then grouped into three
analyses: e e ; ; and e All decays of
the third W bosonare included.

In the caseof pp! H ! WW production,
we again seard for leptonic W bosondecays with
three nal statess WW'! ee,e ,and .
For the gluon-gluon fusion process,H ! bb de-
cays are not considereddue to the large multijet
badkground.

As before, we combine results using the CLg
method. Systematic uncertainties are treated as
uncertainties on the expected numbers of signal
and badkground everts, not on the outcomes of
the limit calculations. This approach ensures



that the uncertainties and their correlations are
propagated to the outcome with their proper
weights. The method used here utilizes binned
nal-v ariable distributions rather than a single-
bin (fully-in tegrated) value. In the case of the
H ! bbanalyses,the nal variable usedfor limit

setting is the invariant dijet mass, as shaovn for
the WH channel in Fig. 2. In the case where
H ! WW, the Higgs mass cannot be directly
reconstructed due to the neutrinos in the nal

state. Thus, the WH ! WWW analysis uses
a likelihood (LH) discriminant formed from topo-
logical variables as a nal variable [6], while the
pp! H! WW analysisusesthe separationin '

betweenthe nal stateleptons ' ("1; 2) [7]. Each
signal and badkground nal variable is smoothed
via Gaussiankernel estimation [22].

Both signal and badkground systematic uncer-
tainties vary for the dierent analyses. Here we
summarizeonly the largest contributions, referring
to the original publications for details. All analyses
carry an uncertainty on the integrated luminosity
of 6.1%. The H ! bbanalyseshave an uncertainty
on the btagging rate of (5{7)% per tagged jet.
Theseanalysesalso have an uncertainty on the jet
energy calibration and acceptancesof 8{10%. For
the H! WW and WH | WWW analyses,the
largest experimental uncertainties are assaiated
with lepton measuremen and acceptances.These
values range from (3{8)% depending on the nal
state. The largest cortribution for all analysesis
the uncertainty on the badkground cross sections
at (6{19)% depending on the badkground. The
uncertainty on the expected multijet badkground
is dominated by the statistics of the data sample
from which it is estimated, henceis uncorrelated
betweenanalyses. The systematicuncertainties for
the badkground rates are generally seweral times
larger than the signal expectation itself and are
thus an important factor in the calculation of lim-
its. As sudch, eadh systematic uncertainty is folded
into the signal and badkground expectations via
Gaussian distribution. Correlations between sys-
tematic sourcesare carried through in the calcula-
tion. All systematic uncertainties originating from
a common source, see Table IV, are taken to be
correlated.

To minimize the e ect of systematic uncertain-
ties on the seard sensitivity, the individual badk-
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WH;e bb WH; bb WW,
Source DT(ST) DT(ST) WWwWWw
Luminosity (%) 6 6 6
Jet Calibration (%) 4 5 3
Jet ID (%) 7 7 0
Electron ID (%) 7 0 2
Muon ID (%) 0 5 8
b-tagging (%) 9(5) 9(5) 0
Background (%) 6{19 6{19 6{19
Source ZH ! bbZH! eetbZH! b b

DT(ST)
Luminosity (%) 6 6 6
Jet Calibration (%) 6 7 7
Jet ID (%) 7 7 5
Electron ID (%) 0 8 0
Muon ID (%) 0 0 12
b-tagging (%) 10(7) 12 12
Background (%) 6{19 6{19 6{19

TABLE |V: List of leading correlated systematic un-
certainties. The values for the systematic uncertain-
ties are the same for the ZH ! bb and WH !

! b channels. Each uncertainty is considered to be
100% correlated across channels. The correlated sys-
tematic uncertainty on the background cross section
() isitself subdivided according to the di erent back-
ground processesn ead analysis.

ground contributions are tted to the data ob-
senation by minimizing a pro le likelihood func-
tion [21]. The t computesthe optimal certral val-
uesfor the systematicuncertainties, while accoun-
ing for departuresfrom the nominal predictions by
including aterm in the 2 function which sumsthe
squared deviation of ea systematic uncertainty
in units normalized by its 1 uncertainties. A
t is performedto the badkground-only hypothesis
and is constrainedto bins with a signal expectation
smaller than 4% of the total expectedbackground.
To set limits on Higgs boson production (
B(H ! X)) the sixteenanalysesare rst grouped
by nal state to produce individual results. We
then group channelsby production modesto form
combined results and study their respective sen-
sitivities. The individual analysesare grouped to
form the LLR distributions shown in Fig. 5 for
(@) all WH seartes,with H ! bb (ST, DT) in
the low massrange (my = 105 145 GeV), (b)
all ZH seardhes (ST, DT) in the samelow mass
range, (c) all WH | WWW seardes, over an
extended massrange (my = 120 200GeV), and
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(d)allH ! WW seardhes,overthe full massrange
(my = 100 200GeV). We then combine groups
(a){(d) overthe full massrange,asshown in Fig. 6.

We alsocompute our resultsin terms of the ratio
of the limits to the SM crosssection B(H ! X)
as a function of Higgs bosonmass. The SM pre-
diction for Higgsbosonproduction would therefore
be excludedat 95% C.L. when this limit ratio falls
below unity.  Table V shows the expected and
obsened 95% C.L. cross section limits and their
ratios to the SM for the WH and ZH analysesin
the massrange my = 105 145 GeV. Table VI
shows the same information for WH | WWW

Higgs mass[GeV] 105 115 125 135 145
WH obsened B 1.60 1.49 1.57 1.56 1.65
WH expected B 2.832.382.221.89 2.17

ZH obsened B 2.412.231.97 1.77 3.21
ZH expected B 2.212.021.731.52 2.65

WH obserwed ratio to SM 8.4 11.7 19.8 36.7 87.2
WH expected ratio to SM 14.9 18.6 28.1 44.5 114.7
ZH obsened ratio to SM 21.1 28.5 40.0 66.0 263.6
ZH expectedratio to SM 19.4 25.9 35.2 56.6 217.4

TABLE V: Observed and expected 95% C.L. upper
limits on the cross section times branching fraction
B, whereB = B(H ! bb), and isin pb, for dif-
ferent Higgs boson massvalues, for the WH and ZH
combined channels (WH includes the leptonic chan-
nels, and the casewhere the charged lepton is not de-
tected; ZH includesthe e, ,and  channels).



13

Higgs mass[GeV]

100 110 115 120 130 140 160 180 200

WH'! WWW obsened B { { { 11.27 4.41 1.57 0.09 0.010 0.004

WH ! WWW expected B { { { 10.78 3.53 1.30 0.07 0.007 0.003

H! WW obsened B 10.79 561 { 6.07 5.94 4.243.69 4.07 3.25

H! WW expected B 894 631 { 7.74 6.185.253.58 3.40 3.98

WH ! WWW obsenedratio to SM  { { { 110.7 74.7 53.7 46.1 62.1 89.6

WH ! WWW expectedratio to SM  { { { 105.959.8 44.7 34.4 44.6 60.8

H! WW obseredratio to SM 636.4 989 { 46.1 26.414.0 9.9 154 222

H ! WW expectedratio to SM 52751112 { 588 27.417.3 9.6 12.8 27.2

DO obsened ratio to SM 55 7.1 85 105 14.212.810.2 16.1 23.7

DO expected ratio to SM 8.7 10.8 12.1 14.3 15.7 13.8 9.0 12.1 235
TABLE VI: Observed and expected 95% C.L. upper limits on the crosssection times branching fraction B,
where B = B(H ! WW) and is in pb, for dierent Higgs boson mass values, for WH ! WWW and
H ! WW. The ratios to the predicted values of the SM Higgs production cross section for these channels and

for the full DO combination, are also given.

and H! WW over the full massrange. The ra-
tios to the SM obtained with the full combination
are alsogiven and shaw the gain obtained by using
the full information, comparedto the individual
channels.

The expected limits for the crosssection times
branching fraction for the four groups of analyses
(a){(d) and for the full combination, relativeto the
SM expectations, are shawvn in Fig. 7. For the full
combination of all analyses,the expected and ob-
served crosssectiontimes branching ratio, relative
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FIG. 7: Ratios of the expected limit on the Higgs boson
production cross section times branching fraction to
the SM expectation, for the dierent channel groups
and for the full DO combination.

to those for the SM, are shown in Fig. 8. Com-
pared to an earlier simulation study of the Higgs
boson seardh sensitivity conducted prior to Tewva-
tron Run 11 [24], our current analyseshave added
new channels, have extended the massrange, and
show a more uniform sensitivity for 110< my <
190 GeV.

In summary, we have preseried new 95% C.L.
limits onthe WH ! e= bbproduction crosssec-
tion times branching fraction which rangefrom 1.6
to 1.9 pb for 105< my < 145 GeV. For compar-
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FIG. 8: Ratios of the expected and observed limit on
the Higgs bosonproduction crosssectiontimes branch-
ing fraction to the SM expectation, for the full DO com-
bination.



ison, the expected SM crosssection for my =115
GeV is 0.13 pb.

We have then combined these results with all
previously published Higgs boson seardhes by the
DO collaboration obtained with a similar luminos-
ity (oetween0.30and 0.45fb 1) to form new lim-
its more sensitive than ead individual limit. The
combined obsened (expected) 95% C.L. limit ra-
tios to SM crosssectionsfor pp! WH,H ! bb
range from 11.7 (18.6) at my = 115 GeV to
36.7 (44.5) at my = 135 GeV. The combined
obsened (expected) 95% C.L. limit ratios to SM
crosssectionsfor pp! ZH, H ! bbrange from
28.5(25.9) at my = 115 GeV to 66.0 (56.7) at
my = 135GeV. The fully combined obsened (ex-
pected) 95% C.L. limit ratio to the SM crosssec-
tions are8.5(12.1) at my = 115GeV, 10.2(9.0) at
my = 160GeV, and 20.7(16.0) at my = 190GeV.

Theselimits and ratios will decreasen the near
future with the additional luminosity recorded at
the Tevatron; more than 2 fo ! are currently be-
ing analyzed. New techniquesare being developed
to improve the sensitivity through advancedmulti-
variate techniques, neural-network b-tagging, and
improved di-jet massresolution. In addition, an
anticipated combination with the results from the
CDF collaboration would yield an increasein sen-
sitivit y of about 40%. With the total expectedin-
tegrated luminosity (6{8 fo 1), the Tevatron is ex-
pectedto provide sensitivity to the standard model
Higgs bosonbeyond the current LEP limit [25]
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